Background: Bioaccumulating contaminants in surface waters are preferably monitored in fish for assessing the related risks to and via the aquatic environment. Consequently, the European Water Framework Directive (WFD) requires a monitoring of certain priority substances such as mercury, polybrominated diphenyl ethers (PBDE), perfluorooctane sulfonic acid and its derivatives (PFOS), hexachlorobenzene (HCB), hexabromocyclododecanes (HBCDD) and polychlorinated dioxins/dioxin-like compounds (dioxins) in freshwater and coastal fish. Tissue levels have to comply with biota environmental quality standards (EQSs) given in Directive 2013/39/EU. EQSs are justified either by risks for human health (assessed on the basis of fillet) or secondary poisoning of wildlife (based on whole fish). To support the practical implementation of the WFD biota monitoring in Germany, comparative investigations of target fish species caught at six sites were performed.
monitoring was based mainly on concentrations of substances in the water phase, now additional measurements of levels of certain bioaccumulating contaminants in organisms are required. Directive 2013/39/EU [2] introduced environmental quality standards (EQSs) for biota for eight priority substances (PS) or substance groups in addition to those already existing for three PS [3] . Nine of the biota-EQSs relate to fish, i.e., polybrominated diphenyl ethers (PBDE), hexachlorobenzene (HCB), chlorinated dioxins/furans and dioxin-like polychlorinated biphenyls (PCDD/F + dl-PCB), heptachlor and heptachlor epoxide, hexachlorobutadiene (HCBD), dicofol, hexabromocyclododecanes (HBCDD), perfluorooctane sulfonic acid and its derivatives (PFOS), and mercury (Hg).
The objective of the WFD is a good status of water bodies and thus ultimately the protection of human health (risk of uptake of contaminated fish as food) and wildlife (risk of secondary poisoning of predators by feeding on contaminated prey). For these two protection goals quality standards were derived with the lower value being used as EQS [4] . The EQSs for PBDE, HCB, PCDD/F + dl-PCB, heptachlor and heptachlor epoxide and PFOS are human health based while for HCBD, dicofol, HBCDD, and mercury the EQSs are based on the secondary poisoning of predators [5] . When assessing EQS compliance, PS concentrations are usually evaluated by analyzing fillet for human health-based EQSs or whole fish for wildlife risk-based EQSs [5] .
The present study was initiated to support the development of a suitable fish monitoring concept that meets the requirements of the EQS directive 2013/39/EU [2] and other requirements in the WFD context. In Germany, the EQS directive was implemented with the Surface Water Ordinance (German abbreviation OGewV; [6] ). The requirements of the EQS directive and the OGewV on biota monitoring are substantiated in two documents, the EU Guidance Document No. 32 on Biota Monitoring [5] , and the Working Paper IV.3 on the "Framework Concept Monitoring" (German abbreviation RAKON) of the German Working Group of the Federal States on Water Issues [7] which includes, for example, recommendations on fish species, fish age, tissue selection and fish numbers.
The aim of the current study was to assess the practical feasibility of the specifications given in the guidance documents. To this end, from six German water bodies fish of three different species were sampled in two different age classes (if available) to allow comparing their suitability for monitoring purposes. Fish biometric data were recorded and fillets dissected. For both fillet and carcass (the remaining fish without fillet) concentrations of selected PS were determined and evaluated.
Existing monitoring data from Germany (e.g., [8] [9] [10] [11] ) indicate that concentrations of dicofol and HCBD in fish from German waters are consistently below the EQSrelevant limit of quantification (LOQ; i.e., LOQ < 30% of EQS [12] ). Thus, these two substances were not considered for analysis here since it was not expected that sufficient data above the LOQ could be obtained that would allow a further evaluation and discussion of the data. This decision also reduced the amount of tissue required for PS analysis.
The focus of the present work was on the following questions: are the recommendations regarding the fish species applicable? Should fillet or whole fish be analyzed? How much fish tissue is required for the analysis? Do older fish have higher PS burden than younger ones? Which trophic level should the fish represent? Can factors be derived to convert fillet concentrations of contaminants into whole fish concentrations (or vice versa)? Based on results derived from this study and additional literature data, the practical implications of the mentioned aspects for an appropriate surface water monitoring of contaminants in fish to determine EQS compliance are discussed.
Methods

Sampling sites
Fish samples were taken from six freshwater sites located in the rivers Weser (locations Drakenburg, geo-coordinates latitude N 52.694801/longitude E 9.200792, and Schweringen, N 52.745265/E 9.199784; distance about 10 km, the site Schweringen is downstream a barrage), Elbe (Schönebeck, N 52.023574/E 11.739696), Moselle (Mehring, N 49.792293/E 6.82017 and Kenn, N 49.821134/E 6.712378, about 15 km upstream), and Havel (the lake-like section "Grosser Wannsee", N 52.432034/E 13.172567), and in Lake Starnberg (N 47.9001/E 11.3168), and the coastal water lagoon "Kleines Haff " of the Baltic Sea (N 53.813548/E 14.105501). Each site was sampled once in late summer, either in 2016 (Weser, Havel, Elbe) or in 2017 (Moselle, Lake Starnberg, Kleines Haff ).
Fish sampling
At each site three different fish species were sampled, i.e., chub (Squalius cephalus; according to www. fishb ase.org [13] trophic level TL = 2.7 ± 0.1), roach (Rutilus rutilus; TL = 3.0 ± 0.0 [13] ), bream (Abramis brama; TL = 3.1 ± 0.1 [13] ), perch (Perca fluviatilis; TL = 4.4 ± 0.0 [13] ), and whitefish (Coregonus renke; TL = 3.4 ± 0.3 [13] , only recommended for lakes). These species are recommended in the RAKON Working Paper [7] for monitoring in rivers, lakes and coastal waters of the North and Baltic Seas.
Fish sampling was performed either by authorized fishermen or by federal state authorities by means of electrofishing (Elbe, Weser) or appropriate nets for fish of the intended size (other sites). Killed fish were immediately stored in ice. The aim was to catch 20 fish of each species in two size classes. If possible, one of the size classes should comply with the recommendations given in the RAKON Working Paper [7] for 3-to 5-year-old roach or 3-to 4-year-old individuals of the other species, while the other size class should cover larger fish. The respective recommended size classes (total fish length) are: chub 23-30 cm, roach 15-22 cm, bream 20-27 cm, perch 15-20 cm, and whitefish 28-35 cm [7] . In total about 60 fish were selected per site.
Processing of fish
Fish from Weser and Havel were dissected on-site within 24 h after sampling. At all other sites, fish were stored in ice directly after sampling, transported to the laboratory and processed within 48 h (up to 72 h for a few fish from the Elbe).
Biometric data (fish size, weight and sex, if assignable) were documented. Of each fish, one fillet without skin was removed. Only in case of very small fish (weight of one fillet < 20 g) both fillets were sampled. The weights of the fillet and the carcass were documented. For the preparation of the carcass samples, the remaining fish (including the viscera) and the skin of the fillet were combined. From about 40% of the fish liver and brain were sampled for other studies. It is assumed that the effect of the organs not included in the carcass samples on the carcass concentration data is negligible in view of the measurement uncertainty (see assessment in Additional file 1: "Exemplary calculation showing the possible influence of removing livers and brains from some carcass samples on the PS concentrations in the carcass samples" section). Age was determined by Institut für angewandte Ökologie (Kirtorf-Wahlen, Germany) by examination of several scales per fish as described in [14] . Data are given as years (y).
Fish tissues were frozen in liquid nitrogen immediately after dissection and stored in containers in the gas phase above liquid nitrogen at temperatures below − 150 °C [15] .
Sample treatments followed procedures of the German Environmental Specimen Bank (ESB) program [8, 16] . Frozen fillet and carcass samples were manually crushed and afterwards cryo-milled as described elsewhere [16, 17] .
Preparation of composite samples
In accordance with RAKON Working Paper [7] , fish were selected and assigned to site-specific composite samples on the basis of the determined fish age. For fillets and carcasses, separate composite samples were prepared. Fish not falling into the target age class were combined to further homogeneous composite samples based on length, weight, sex or on random assignment. If possible, two composite samples per species and site were prepared.
Composite samples were prepared by combining proportional tissue masses of each of about 10 fish. Thus, larger individuals contribute more mass to the respective composite sample than smaller ones. This approach simulates the actual risk for predators in waters and the risk for human health as well, because predators take up whole fish of different size and fillets of these fish contribute proportionally to the human diet.
Trophic level determinations
Nitrogen stable isotope determinations ( 15 N/ 14 N and 13 C/ 12 C ratios) of carcass composite samples after lipid extraction were performed by agroisolab GmbH (Jülich, Germany). Data were expressed as per mill δ 15 N and δ 13 C and evaluated for fish trophic level (TL) as described elsewhere [16, 18] . Mussels (Dreissena ssp.; additionally Corbicula ssp. at Elbe River) sampled from each site parallel to the fish were used as baseline organisms (filter feeders; assigned TL = 2.0 [18] ). A δ 15 N increment of 3.4 per mill for a TL difference of 1 was applied [18] .
Analysis of fish samples
PS analysis followed WFD requirements [2] and technical specifications [12] . Details have been described previously [8, 16, 19, 20] . Thus, only short summaries are presented here.
The total mercury analyses of freeze-dried individual fish and composite samples of fillets and carcasses were carried out by Fraunhofer IME in accordance with a guideline issued by the German Environmental Specimen Bank [21] using a mercury solids analyzer protocol (Direct Mercury Analyzer DMA-80, MLS GmbH, Leutkirch, Germany) as described elsewhere [22] .
Fillet and carcass composite samples were analyzed for organic PS by Eurofins GfA Lab Service GmbH (Hamburg, Germany) following previously described isotope dilution methods with suitable isotope-labeled standards of the target compounds. Detailed descriptions of all protocols applied here are available elsewhere [8, 20] . In short, PCDD/F + dl-PCB were extracted with appropriate organic solvents (e.g., toluene or hexane/dichloromethane) from fillet and whole fish composite samples, the extracts were purified by column chromatography (involving sulfuric acid-treated silica as well as aluminum oxide) and analyzed by high-resolution gas chromatography/mass spectrometry coupling (HRGC/HRMS with sector field instrument). The data are reported in accordance with WFD requirements as sums of toxicity equivalents excluding concentrations below the LOQ [12] , taking into account the toxic equivalency factors (TEQ) of the World Health Organization of 2005 (as µg kg −1 WHO 2005 -TEQ; [23] ). PBDE were extracted from freeze-dried samples and the extracts were purified and quantified by gas chromatography/mass spectrometry (GC-MS). Results are reported EQS-conform as sum of six congeners (BDE 28, BDE 47, BDE 99, BDE 100, BDE 153 and BDE 154) without consideration of congener concentrations below LOQ [12] . HBCDD was extracted from biota samples after freeze-drying and the α-, β-and γ-diastereomers were quantified by liquid chromatography/tandem mass spectrometry (LC-MS/MS) after purification of the extracts. Perfluorinated alkyl substances (PFAS) including PFOS were extracted from freeze-dried samples, the extracts were purified by dispersive solid phase extraction with activated carbon and quantified by LC-MS/MS. HCB was extracted after mixing the biota sample with sodium sulfate. The extracts were purified by column chromatography and analyzed by GC-HRMS.
The water content was determined gravimetrically by weighing of sample aliquots before and after freeze-drying. The fat content of all composite samples was determined according to Smedes [24] .
Quality assurance/quality control
The laboratories hold DIN EN ISO/IEC 17025 accreditations for the applied analytical methods. All respective quality assurance/quality control (QA/QC) requirements were met. Various measures were taken to ensure the quality of the analytical results. In the course of the investigations, blank samples were analyzed parallel to the fish samples, which, however, did not reveal any indications of possible contamination of the samples by the chemicals or laboratory equipment used. To prove the reproducibility, quality assurance samples were analyzed parallel to each set of samples yielding similar results under consideration of the measurement uncertainty. The accuracy of the analytical results was assured by regular analysis of certified reference materials (CRMs) and by regular successful participation in interlaboratory proficiency tests, e.g., organized by QUASIMEME (www. quasi meme.org).
Recovery rates of isotope-labeled internal standards used for calculation of organic PS concentrations in fillet/ carcass composite samples following the isotope dilution method were determined for each sample applying the following criteria for acceptance of data: PCDD/F + dl-PCB 60-120%, PBDE, HCB and HBCDD: 50-120%; PFOS 40-150%.
Limits of quantification (LOQs) were determined following either the "calibration line approach" of the German standard DIN 32645:2008 [25] , using the signal/ noise ratio, or on basis of the standard deviation of replicate measurements at the expected LOQ level.
For mercury, the LOQ was 0.4 µg kg −1 dry weight corresponding to about 2 µg kg −1 wet weight (ww) depending on the tissue water content. All recoveries for mercury in CRMs were in the range of 80-120% of the certified values. The LOQs for congeners of PCDD/F were 0.000013-0.00039 μg kg −1 ww, for congeners of dl-PCB 0.00018-0.0093 μg kg −1 ww, for congeners of PBDE 0.0048-0.0060 μg kg −1 ww, for α-, β-and γ-HBCDD 0.0060 μg kg −1 ww, for PFOS 0.050 μg kg −1 ww, for HCB 0.035 μg kg −1 ww, and for heptachlor/heptachlor epoxide 0.050 μg kg −1 ww. The requirement of Directive 2009/90/EC [12] that the LOQ should be equal or below a value of 30% of the relevant EQS was fulfilled for all PS except for heptachlor/ heptachlor epoxide (LOQ > EQS) and PBDE (LOQ only at 60-70% of the EQS).
The measurement uncertainty of each parameter was determined taking into account precision data from validations and evaluations of laboratory control charts. The uncertainty of the total mercury measurement was 3-5% in the medium measuring range of the analysis method and 5-10% in the range of the LOQ. In the range of the EQSs the uncertainty of measurement for the organic PS was about 15%. For all parameters WFD requirements were fulfilled (extended uncertainty calculated with k = 2 below 50%) [12] .
Calculation of whole fish concentrations
In this contribution, we are using the term "concentration" for the measured PS mass fractions in fish tissues. Whole fish concentrations for all analytical parameters were calculated from the tissue weights determined during dissection (Additional file 1: Table S1 ) and measured concentrations in fillet and carcass composite samples [16, 26] Calculations were based on the PS data of fillet and carcass composite samples. In the case of mercury, additionally data for individual fish were calculated accordingly.
It is assumed that the calculated values for whole fish correspond to those, which would have been obtained by analyses of the original fish when considering the measurement uncertainties of the analytical methods (see "Quality assurance/quality control" section).
Determination of fillet-to-whole fish conversion factors and equations
As recommended by the EU Guidance Document on Biota Monitoring [5] , the approach by Bevelhimer et al. [26] was used here for the conversion of pollutant levels in fillets to whole fish and vice versa. The first step involved testing the correlations between the pollutant concentrations in fillet and in whole fish composite samples. Depending on the quality of the correlation, either a constant factor or a conversion equation (regression function) is more appropriate for the calculation [26] .
Outliers were identified by using the Grubbs' test successively. Before removing, it was checked whether a reason could explain the value being an outlier. Since not all data sets were normally distributed, the concentration values were logarithmized for the correlation analysis [26] . The evaluation was done for the whole data set (n = 36 fillet/whole fish composite sample pairs) and then for the data set with the fish aged 3-4 years/3-5 years according to the RAKON working paper [7] (n = 20 fillet/ whole fish composite sample pairs).
In order to test whether differences between logarithmized PS concentrations of fillet/whole fish composite sample pairs are significant a paired t test was performed. If this test was positive, the correlation between (logarithmic) fillet/whole fish concentrations was evaluated for its significance (criterion: p < 0.05). For the slope of the regression equation, it was tested whether it was different from zero. If yes, either a conversion factor was derived (slope not significantly different from 1) or the regression equation was used for the conversion (slope significantly different from 1) [26] .
Results and discussion
Characterization of fish catches
Data on fish catches are listed in Additional file 1: Table S1 . Biometric data (length, weight, age, sex) are given per species as aggregated values for all sites and for each location separately. In some cases, age determination based on fish scales was not possible; especially for older perch the determination was difficult. In such cases, the age was estimated from comparable large fish of the same catch, for which an age determination was possible (same species, same site). Likewise, sex could not be determined for all fish (especially not for younger fish). Of the 365 evaluated fish, 28% were male, 51% female and 21% of unclear sex.
Additionally, the condition factor (CF) was calculated as follows: CF = 100 * (weight [g])/(length [cm]) 3 . The CF serves as relative measure for the general fish condition (fish with higher CF reveal a better condition). Data are presented in Additional file 1: Table S1 . Because the morphologies differ, only CFs of fish of the same species can be compared with each other.
At the sites in Weser and Moselle Rivers, sufficient numbers of chub were available. The fish were comparable in terms of length, weight and age with somewhat higher values for the Weser fish (Additional file 1: Table S1 ). In contrast, the number of chub from the Elbe was low and the sizes of the individuals were heterogeneous (n = 4; three of them large/old fish). Overall, the chubs from all sampling sites were mostly older than the recommended age of 3-4 years. The CF for chub from the Weser (1.3 ± 0.1) were significantly higher than for chub from the Moselle (1.1 ± 0.1), while Elbe chub had a medium CF (1.2 ± 0.03).
Roach were found in sufficient numbers at all six sites. The age distribution, however, was different. The on average youngest (as well as the smallest/lightest) roach were caught at the Weser site. Several individuals had the intended age of 3-5 years. The oldest (longest/heaviest) roach were sampled at the Elbe and Havel sites. At all locations except for Lake Starnberg, more female than male roach were caught. At the Weser site, however, sex determinations were not possible. In the Havel, almost only female specimens were caught (19 out of 21, two of unclear sex). The average CF of the roach from the Havel and the Baltic Sea lagoon was 1.3 ± 0.1 and thus slightly higher compared to the other sites (about 1.2; Additional file 1: Table S1 ).
Bream were found in sufficient numbers at only three sampling sites. Almost all specimens were older than the target age of 3-4 years recommended by the RAKON Working Paper [7] . Lengths and weights of the bream were comparable at all sampling locations. The oldest specimens came from the Havel site. It is noticeable that the relatively young bream from the Baltic Sea lagoon already had similar lengths and weights as the individuals from the Havel (i.e., 37 ± 3 cm vs. 38 ± 9 cm, and 616 ± 172 g vs. 699 ± 466 g) and also the highest CF (1.2 ± 0.1 vs. 1.1 ± 0.1; Additional file 1: Table S1 ).
Whitefish (C. renke) were only caught in Lake Starnberg. All individuals had the intended age of 3-4 years, but were smaller than the size specified for this age group in the RAKON Working Paper [7] .
Perch were sufficiently abundant at all sampling sites except at the Elbe where only a few individuals were found. In Weser and Elbe, smaller/lighter/younger specimens were caught compared to the other sites. The largest and heaviest perch were from the Moselle site, followed by those from the Baltic Sea lagoon and the Havel. The CF ranged between 1.2 (Havel River) and 1.4 (Baltic Sea lagoon).
Fish length-age relationships
For orientation purposes, a correlation between fish length and age classes is presented in the RAKON Working Paper [7] for those fish species recommended for biota monitoring in German waters. Since the fish length is easy to determine during sampling, it shall be used to obtain fish of the intended age group on site. In the present study, these specifications were compared to the length-age relationships determined here.
Length-age relationships determined for roach and perch are shown in Additional file 1: Figure S1 . For both species, significant relationships between fish length and age were detected. Diagrams of length vs. age for the intended age windows for roach (3-5 years) and perch (3-4 years) are shown in Additional file 1: Figure S2 . For the other species, the data base for length-age relationships was too small (only roach and perch were found at all sites). Especially for perch it is obvious that the size window for 3-4 years individuals as given in the RAKON Working Paper [7] is only a rough guidance for sampling the intended age group. At Lake Starnberg, for example, perch of this age were often smaller than 15 cm (lower size range in [7] ). By contrast, 4-year-aged perch from the Havel River and the Baltic Sea lagoon were larger than 20 cm (upper size given in [7] ). For roach the lower size range (15 cm as given in [7] ) fits quite well (only one smaller fish at Lake Starnberg). However, at most of the other sites, 4-to 5-year-aged roach had sizes clearly above the upper size range of 22 cm (up to > 27 cm at Elbe and Moselle Rivers).
Characterization of the composite samples
Fish composite samples were characterized by fish mean length, age and trophic level (as determined from δ 15 N). Data are compiled in Table 1 . Main criterion for the forming of the composite samples was the actual determined age of the fish. In some cases, a larger number of fish had the same age but could be distinguished additionally by length, sex or slightly different sampling locations so that these criteria were used for the allocation of fish to composite samples. In two cases, fish were randomly distributed to two separate composite samples with individuals of the same age (Weser perch, Baltic Sea bream; Table 1 ).
The lowest number of fish in a composite sample was 6, the highest 13. Of the total 36 composite samples, 20 consisted of fish belonging to the age classes recommended for the respective fish species in the RAKON Working Paper [7] . Only for seven of these composite samples did the fish sizes also correspond to the speciesspecific length ranges given in the RAKON Working Paper for fish of the intended age classes ( Table 1) .
The calculated trophic positions of the fish partly deviated from those expected from reference data ( [13] ; see "Fish sampling" section). Roach and bream had mainly TLs of about 3 as expected. For chub, the calculated TLs were higher than the reference TL of 2.7 [13] . In Weser and Moselle, chub had TLs of 2.9-3.3, which were only slightly lower than the TLs of roach at these sites ( Table 1 ). Trophic positions of perch, on the other hand, were consistently lower than the expected TL of 4.4 (i.e., only TL 3.3-4; Table 1 ). At most sites, clear differences between trophic positions could only be determined between chub/roach/bream and perch. It remains unclear whether the trophic position of perch in these waters was actually lower than expected or whether the applied δ 15 N increment of 3.4‰ per TL is inappropriate (although it is broadly used, also for river food web studies, e.g., [27] ). However, for the TL difference of about 1 between the mussels (baseline, assigned TL = 2) and roach and bream (TL about 3) the chosen δ 15 N increment fitted. Variations of up to ± 1 TL for fish of the same species from different rivers were also reported in previous studies [27] . Moreover, for river fish, Rybczynski et al. [28] observed a good agreement between TL derived from gut analysis and TL based on stable isotope data as applied here. The TL data given in the reference database [13] used here are also based on analyses of food items in fish guts.
The fat content of the residual fish fraction was significantly higher than that of fillets. Since the mass of the residual fish was greater than the fillet mass, the calculated fat contents for the whole fish were also higher than the fillet fat contents (Additional file 1: Table S2 ). The fat content ranged between 0.6 and 2.6% (mean ± SD: 1.5 ± 0.5%; median 1.4%; n = 36) in fillets and between 1.6 and 8.4% (5.2 ± 1.6%; median 5.3%; n = 36) in whole fish. Fish from the Baltic Sea lagoon and the Weser River had particularly high fat contents. The highest average fat contents in whole fish were found in chub and roach (mean value of all sites: 5.5 ± 1.1%, n = 5, and 6.1 ± 1.1%, n = 12, respectively), the lowest in perch (mean values of all sites: 4.2 ± 1.6%, n = 11). In fillet, fat contents were also lowest in perch (mean value of all sites: 0.9 ± 0.2%, n = 11), while highest contents were detected in whitefish, roach and bream (mean values: 1.9 ± 0.1%, n = 2, for whitefish, 1.9 ± 0.5%, n = 12, for roach, and 1.7 ± 0.4%, n = 6, for bream of all sites). Generally, whole fish had a higher dry mass content than fillet (about 20-29% vs. about 14-20%; Additional file 1: Table S2 ). In the fillet composite samples, the highest average dry mass content was found for whitefish (19.4%) and the lowest for perch and bream (17.2% and 17.3%, respectively). For whole fish, the composite samples of roach had the highest dry mass content (26.1% on average) and those of whitefish the lowest (22.1%).
Mercury concentrations in individual fish samples
The total amount of available sample material was limited (especially for fillet). Therefore, only one PS (mercury) could be measured also in individual fish (fillets and carcasses) because the measurement requires only a small amount of sample material. The data were aggregated per species for fish aged < 10 years (the number of older fish was only low and may bias the evaluation due to higher mercury concentrations) and fish in the age-window recommended for monitoring ( Table 2 ). The mercury concentrations in bream and roach were below the average of all fish samples and those in perch above the average. Even for the fish aged 3-4/5 years, the mercury levels did not correlate to the trophic level (e.g., chub had higher mercury levels than bream and roach although the TL of chub is lower).
For fish aged 3-4 years (3-5 years for roach), the relationship between fish length and mercury concentration was evaluated. Additional file 1: Figure S3 shows the diagram for mercury concentrations in whole fish vs. fish length for all sites (n = 184). Mercury levels decreased slightly (not significant) with increasing fish length. If only fish from one site are considered, correlations between mercury levels and fish length are inconsistent: at some sites, Hg concentrations in whole fish decrease with fish length, while at others Hg levels increased with length (Additional file 1: Figure S4 ). Only for the fish from Weser River and Lake Starnberg, significant positive correlations were found between fish length and Hg concentration in whole fish (n = 33, p = 0.019 and n = 40, p = 0.001, respectively; Additional file 1: Figure  S4 ). Including more than one site in the analysis [possible for chub (2 sites), roach (6 sites) and perch (6 sites)] also gave contradictory results. While for chub a significant increase of whole fish Hg concentrations with increasing length was observed (n = 23, slope 2.7 µg kg −1 cm −1 , r 2 = 0.28, p = 0.009), the opposite was found for roach (n = 79, slope − 1.2 µg kg −1 cm −1 , r 2 = 0.04, not significant) and perch (n = 67, slope − 4.0 µg kg −1 cm −1 , r 2 = 0.14, p = 0.002).
Peterson et al. [29] reported that mercury concentrations of fish with > 12 cm total length sampled in US rivers were strongly related to both fish length and trophic guild (piscivorous vs. non-piscivorous). Mercury concentration in that study generally increased with fish size, although the (slightly non-linear) relationship showed much scatter [29] . The authors reported that, on average, mercury concentrations only increased with fish length up to a total length of 40-50 cm. The fish investigated in the current study had maximum fish length of 43 cm (all, n = 339) or 33 cm (3-4/5 years, n = 184).
Concentrations of priority substances in fish composite samples and comparison with other studies
Although the samples from the six investigated sites cannot be regarded as spatially or temporally representative and not all fish composite samples meet the requirements of the RAKON Working Paper [7] , the results, together with other available data, may nevertheless indicate which substances are likely or not likely to exceed the EQS in German water bodies. For plausibility checks, fish monitoring data from the German federal states
Table 2 Comparison of mercury concentrations of fish: all fish (aged < 10 years) vs. fish in the age-window recommended for monitoring (3-4 years, for roach 3-5 years; [7])
Data are given as µg kg −1 ww for fillet and whole fish samples of fish species from all sites (Elbe fish with high mercury concentrations identified as outliers were removed) a Roach 3-5 years, other fish species 3 
PBDE
In Fig. 1 the concentrations for PBDE (sum of six congeners as required for WFD compliance testing) are shown. All but one fillet and all whole fish samples exceed the EQS (0.0085 µg kg −1 wet weight; human-health-based with fillet as the EQS-relevant tissue). Highest PBDE burden were found for fish from Moselle and Elbe Rivers, and lowest for fish from the Baltic Sea lagoon. Generally, whole fish PBDE concentrations are significantly higher than the concentrations in fillet (by an average factor of about 5). On average, fat contents of whole fish are about 3.5 times higher than those in fillet (Additional file 1: Table S2 ; whole fish mean fat content 5.2%, range 1.6-8.4%, vs. fillets mean fat 1.5%, range 0.6-2.6%; both n = 36). A comparison with data for fish fillet from other German water bodies reveals that PBDE concentrations found here (i.e., from 0.0082 µg kg −1 ww for fish from the Baltic Sea lagoon up to 3.35 µg kg −1 ww for fish from Elbe River) were in a similar range. In the different studies from the period 2013-2018 summarized in Additional file 1: Table S8 mostly PBDE levels of < LOQ − 16.7 µg kg −1 ww were found. Only very few samples were compliant with the EQS of 0.0085 µg kg −1 ww. However, higher concentrations with up to 371 µg kg −1 ww were found in a set of about 10-year-old bream samples from larger German rivers [8] . With respect to whole fish samples, Jürgens et al. [30] reported exceedances of the EQS in all analyzed samples (mainly roach) from English rivers in the period 2007-2011. Highest concentrations were measured in fish from the Nene River (5.3-44 μg kg −1 ) and lowest in fish from the Glen River (2.0-4.6 μg kg −1 ). Nation-wide exceedances of the EQS of PBDE in biota were also reported for fish from Sweden [31] . A literature evaluation of PBDE monitoring data from several European countries and other regions came to a similar result: for 25% of fish samples the sum PBDE concentrations exceeded the EQS, in some samples up to ten thousand times [32] .
In this study, the patterns of PBDE in the fillet and whole fish composite samples from the same fish were similar (congener-specific concentration data are shown in Additional file 1: Table S4 and congener fractions in % in Additional file 1: Table S5 ). Only for fish from the Baltic Sea lagoon, differences were observed which seemed to be partly caused by low concentration levels (mostly < LOQ) especially in fillet samples where BDE 47 was the only congener above the LOQ. When comparing the PBDE congener patterns of the different fish species, it is apparent that the highest fractions of BDE 99 were found in perch and whitefish (fraction of about 25-35% of total PBDE), while chub, roach and bream showed only low levels of this congener (range about 0-2%). BDE 47, on the other hand, had lower fractions in perch and whitefish (about 30-55%) than in the other three species (about 50-80%). Apparently, perch and whitefish did not metabolize the penta-brominated BDE 99, while chub, roach and bream degraded BDE 99 resulting in higher fractions of the tetra-brominated BDE 47. A similar discrepancy was found for BDE 28, which was detected in chub, roach and bream with fractions of about 3-6% (exception: Elbe River bream with 1-2%; Baltic Sea lagoon fish not considered because BDE 28 levels were < LOQ in most composite samples), but was comparatively low in perch and whitefish (fractions about 1-3%). Differences in PBDE metabolization between fish species were already reported, e.g., by Roberts et al. [33] who found that in laboratory investigations with fish liver cells PBDE in carp (cyprinid species related to bream and chub) were metabolized 10-100 times faster than in salmonids. In carp, BDE 47 was the major metabolite of BDE 99 [33] . BDE 28, on the other hand, was observed as metabolite of BDE 47 in fish belonging to the carp family [34] . Fliedner et al. [16] reported that in wild perch sampled in the German part of Danube River BDE 99 was the second most frequent congener (fraction of about 22%), while in chub and bream from the same site BDE 99 fractions were low. It seems that metabolization in perch was slower as compared to the other species leading to the observed high fractions of BDE 99 [16] .
Dioxins and dl-like compounds
Concentration data for PCDD/F and dl-PCB in fillet and whole fish composite samples are shown in Additional file 1: Figure S5 . Whole fish concentrations were always higher than the respective fillet levels. For fillets (relevant matrix for EQS compliance testing) no exceedance of the EQS of 0.0065 µg kg −1 ww as WHO 2005 -TEQ was observed. Highest levels were found in Elbe and Havel fish with whole fish concentrations partly above the EQS. In all samples, the combined parameter of PCDD/F plus dl-PCB was clearly dominated by dl-PCB.
The fish concentrations of PCDD/F and dl-PCB reported in other studies from Germany were also in the range of 0.00006-0.0181 µg kg −1 ww (Additional file 1: Table S8 ). Concentrations above the EQS were mainly found in older bream from major German rivers [8] .
HCB
Additional file 1: Figure S6 presents the data for HCB. The EQS (10 µg kg −1 ) is only exceeded at the Elbe site (for one fillet which is the EQS-relevant matrix, and all whole fish samples). Slightly elevated HCB concentrations were also detected in fish from Weser and Havel Rivers. Generally, HCB concentrations in whole fish were significantly higher than in fillet (by factors of about [3] [4] .
The data for HCB in fish from other German water bodies are similar (Additional file 1: Table S8 ; range from < 0.1 to 44.7 μg kg −1 ww). However, exceedances of the EQS of 10 μg kg −1 were reported only for few samples including eel from the Elbe River [35] which confirm the finding of high levels for Elbe fish in the present study. In whole fish from English rivers, HCB concentrations were below the EQS with a maximum level of 6 μg kg −1 in some eels [30] .
PFOS
The PFOS burden of fish are shown in Fig. 2 . For PFOS, the differences between wet weight-based concentrations in fillet and whole fish were smaller compared to the other organic PS (average factor 2.7). At the sampling sites in the Moselle and Havel Rivers, not only whole fish, but also some fillet samples (EQS-relevant matrix) exceeded the EQS of 9.1 µg kg −1 . At all sites, the EQS is exceeded in at least one of the whole fish samples. It is noticeable that at all but one sites highest whole fish concentrations for PFOS are detected in perch (most significantly in Havel and Moselle fish; an exception was the Elbe, where highest PFOS levels were found in 10-yearold bream). At the Havel site, an increase of PFOS concentrations is obvious from roach to bream to perch (Fig. 2) . Fish from Lake Starnberg and the Baltic Sea lagoon showed lowest PFOS burden.
PFOS burden of fish from other water bodies in Germany were in the range < 0.2-83.9 µg kg −1 (Additional file 1: Table S8 ). In about half of the fish, the EQS for PFOS (9.1 µg kg −1 ) was exceeded.
Mercury
Highest mercury concentrations were found in fish from the Elbe River, while lowest levels were measured for fish from Lake Starnberg (for the inland waters investigated) and from the coastal waters of the Baltic Sea lagoon (Additional file 1: Figure S7 ). Mercury concentrations in most composite samples exceeded the EQS of 20 µg kg −1 ww. The only exceptions were roach (all fillet and whole fish samples) from the Moselle, one bream whole fish sample from the Havel and all whole fish and four fillet samples from the Baltic Sea lagoon. The enrichment pattern of mercury differed from that of the organic PS insofar as fillet concentrations were generally higher than whole fish burden (with the exception of a few lowcontaminated fish). This has already been described in other studies (e.g., [26, 29, 36] ). Since the EQS for mercury is justified by the risk of secondary poisoning, whole fish is the relevant tissue [5] . If only fillet data are available, these could be used for a worst-case assessment of EQS compliance (the conversion of fillet-to-whole fish concentration data will be discussed below).
A tendency of increasing mercury concentrations with higher trophic levels-as reported by Peterson et al. [29] -was not always recognizable in the present study (however, sometimes the trophic positions of chub and roach or bream and roach at one location were relatively close together, Table 1 ). At the Moselle site, where the trophic positions of chub and roach were clearly distinguishable from perch, mercury levels differed significantly between trophic levels. In contrast, only small differences in mercury contamination were noticeable between different fish species in Havel River, even though the trophic positions of roach and bream at this site were clearly different from that of perch.
No correlation between the variability of mercury concentrations of the composite samples and parameters such as fish age, number of fish per composite sample or height of mercury levels could be detected (see Additional file 1: "Variability of the mercury burden of the individual fish used for preparing the composite samples" section).
The fact that most European fish exceed the EQS of 20 µg kg −1 for mercury is well known (e.g., [22, 30, [36] [37] [38] ). Fish fillet from other German sampling sites (Additional file 1: Table S8 ) had mercury burden in the range 6-1915 µg kg −1 .
HBCDD
The second investigated compound with an EQS referring to secondary poisoning is HBCDD (Additional file 1: Figure S8 ). For this compound, whole fish concentrations were not always higher than the respective fillet levels and data were generally less consistent. In some cases, even higher concentrations were detected in fillet despite higher fat contents in whole fish (e.g., sample chub 2 from the Weser, or sample perch 1 from the Baltic Sea lagoon). Patterns of HBCDD diastereomers were also not uniform. In some samples, γ-HBCDD dominated, while mostly α-and γ-HBCDD were in the same range. β-HBCDD concentrations in both fillet and whole fish were mostly low compared to the other diastereomers. All samples complied with the EQS for HBCDD of 167 µg kg −1 ww. Highest HBCDD levels were found in fish from Elbe and Weser, while fish from Lake Starnberg and the Baltic Sea lagoon had comparatively low HBCDD burden (except for outliers). The highest sum HBCDD concentration detected was about 20% of the EQS (perch whole fish sample from the Elbe).
In Additional file 1: Table S8 HBCDD concentrations in fish from other German rivers are compiled. Sum concentrations of the three HBCDD diastereomers were in the range < 0.003-45.6 µg kg −1 ww and thus, as in the present study, well below the respective EQS. HBCDD levels in bream sampled in 2013 from five rivers in the UK, Sweden, France, and The Netherlands and one lake in Germany were also below the EQS [39] . Likewise, no exceedance of the EQS was detected in fish of different species sampled at freshwater and coastal sites in Denmark in 2012 [40] . A literature review on HBCDD concentrations in fish of different countries around the world assessed the EQS compliance situation for HBCDD as not critical with only some values exceeding the EQS about five times [32] .
Heptachlor/heptachlor epoxide
The contamination of the fish samples with heptachlor and heptachlor epoxide was always below the LOQs (sum values < 0.2-0.3 µg kg −1 ww; Additional file 1: Table S3 ). EQS compliance, however, could not be assessed because the EQS for this parameter is 0.0067 µg kg −1 ww and thus significantly lower than the LOQ.
Only in some studies with fish from German water bodies was the LOQ for heptachlor/heptachlor epoxide sufficiently low to allow a compliance check of the EQS of 0.0067 µg kg −1 ww (Additional file 1: Table S8 ). Fish concentrations were in a range of < 0.002-0.514 µg kg −1 ww. For freshwater fish from Danish water bodies, Vorkamp et al. [40] reported heptachlor epoxide concentrations ranging from < 0.0016 to 23 µg kg −1 ww (heptachlor concentrations were below the detection limit). Figure 3 visualizes the PS concentration range detected in our study in the EQS-relevant tissues for the composite samples of chub, roach and perch in the age range recommended in the RAKON Working Paper [7] in relation to the relevant EQS. The results from this study as well as the retrieved monitoring data from other studies in Germany (Additional file 1: Table S8 ) show that the EQSs for mercury and PBDE are exceeded almost nation-wide. In contrast, the EQSs for HBCDD, HCBD and dicofol are consistently met (the latter PS were not considered in the present study due to expected low concentrations). PCDD/F + dl-PCB and HCB are also below the respective EQS at most sites. The picture for PFOS is much more heterogeneous: here EQS exceedances indicate that some sites are significantly higher contaminated than others. EQS compliance of heptachlor and heptachlor epoxide could not be checked in most cases because the analytical methods used were not sensitive enough (LOQ > EQS). Monitoring data from other European countries show a similar picture (see discussion of PS data above). Sweden, for which most data are available, reports that the EQS for mercury and PBDE are exceeded nation-wide, and also the EQS for PFOS is frequently exceeded by freshwater fish [31, 36, 41, 42] . In fish from Swedish inland waters, high concentrations of PCDD/F + dl-PCB are found. In contrast, HBCDD burden of fish are always and HCB burden mostly below the respective EQS [31] .
Comparison of PS burden between species
Since roach and perch were available at all six sampling sites, data were aggregated and compared (Additional file 1: Table S3 , bottom). Interestingly, no large differences were apparent when comparing mean values of the concentrations for most of the investigated PS. However, for PFOS, mercury and HCB (and to a limited extent also for PCDD/F + dl-PCB) mean concentrations in perch were higher than in roach (up to a ratio of 3 for PFOS and HBCDD). Differences were observed for the ratios of PS concentrations in whole fish and fillet. For all substances except mercury, whole fish/fillet ratios were higher in perch than in roach. For the organic PS except HBCDD and PFOS, whole fish/fillet ratios were about 3-5 for roach as compared to about 5-8 for perch. The respective values for HBCDD were about 1.3 for roach and about 4 for perch, and for PFOS about 2 for roach and about 3 for perch. The observed differences between both species are probably related to different fat contents in whole fish and fillet (Additional file 1: Table S2 ). Perch had relatively low fillet fat contents with a whole fish/fillet ratio for fat of 4.4 (compared to an average of 3.6 for all fish species). For mercury, no differences in whole fish/fillet ratios were detected between perch and roach (ratio for both about 0.8).
Comparisons of PS concentrations in fish of different sex are presented in Additional file 1: "Priority substances burden of fish of different sex" section. At the two sites, where comparable male/female composite samples of roach could be prepared, the concentrations of some organic PS were higher in male than in female fish (at Lake Starnberg this was the case for PBDE, PCDD/F + dl-PCB, and partly HBCDD, and at the Baltic Sea lagoon for whole fish samples of HBCDD, HCB, PBDE, PFOS). These findings can be explained by the higher fat content of male roach at both sites. For mercury, the results were ambiguous for both investigated pairs of male/female fish composite samples.
Derivation of fillet-to-whole fish conversion factors
The evaluation of the data set with all 36 fillet/whole fish composite sample pairs (data taken from Additional file 1: Table S3 ) according to Bevelhimer et al. [26] revealed that for HCB, PBDE, HBCDD and PFOS conversion factors can be derived, whereas for PCDD/F + dl-PCB and mercury conversion equations should be used (Table 3 and Additional file 1: Table S6 ). If only the 20 composite samples with RAKON-compliant fish age [7] are considered, conversion factors could be derived for all substances including mercury (Table 3 and Additional file 1: Table S7 ). The conversion factors derived from the whole data set (n = 36) were similar to those calculated with the composite sample data set with RAKON-compliant fish ages (n = 20). For HCB, the high concentrations in Elbe fish apparently did not influence the evaluation since the conversion factors for HCB with and without considering the Elbe fish were almost the same (3.57 and 3.52, respectively). In contrast, the factor for HBCDD changed clearly when outliers were excluded.
Conclusions
Based on the data generated in this project and from other reports, further recommendations on important aspects regarding the biota monitoring in the context of the European WFD can be made.
Are the recommendations regarding the fish species applicable?
The fish species chub, roach, bream and perch (representatives of trophic levels 3-4), which were examined here in several German water bodies, fulfill the requirements for biota monitoring of priority substances for the WFD and proved to be suitable in practical implementation. At least two fish species per site were present in sufficient abundance. With the exception of bream, fish of the intended age [7] could be sampled at almost all sites (fish aged 3-4 years, respectively, 3-5 years for roach).
How much fish tissue is required for the analysis?
In view of the lower costs for chemical analysis and the possibility to determine all pollutants in one sample (which in turn offers the possibility of a plausibility check), the analysis of suitable composite samples is recommended. However, thorough homogenization is a prerequisite for the quality of the analytical results. The individual fish should be included in the composite sample proportionally to their total mass (e.g., whole fish or whole fillet mass), as this best reflects natural conditions: small and large fish also contribute proportionally Table 3 Fillet-to-whole fish conversion factors and equations for priority substances (for all fish, n = 36, and for 3-4 years/3-5 years fish, n = 20)
The conversion method was derived according to the approach described by Bevelhimer et al. [26] to the food intake by humans or top predators. In order to be able to carry out chemical analyses of all PS that have to be monitored in fish with the required sensitivity (i.e., with a LOQ of 30% of the EQS concentration [12] ), about 100-200 g of sample material is required. Since the amount of fillet of one (small) fish does not yield this amount, it seems more appropriate to prepare composite samples with sufficient amounts of tissue to run all PS analyses (for whole fish 2-3 times more material is available as compared to the fillet). For one complete analysis, fillet of about ten specimens of smaller fish are needed. According to the German Surface Water Ordinance [6] , at least ten individuals have to be used per site and year for trend monitoring. Thus, this number of fish also seems suitable for EQS compliance monitoring and has also been incorporated as requirement into the RAKON Working Paper [7] . However, if the fish are very homogeneous in size and age, the RAKON Working Paper also considers a smaller number of fish to be sufficient (assuming that the fish yield sufficient fillet for the analysis).
Do older fish have higher PS burden than younger ones?
Due to limited fish material and resources this question could only be investigated for mercury on an individual fish basis. However, the relationships between age (operationalized as fish length) and mercury burden at the different sites were ambiguous (refer to "Mercury concentrations in individual fish samples" section). For the organic PS only fish composite samples could be investigated which allow merely a comparison of younger fish (3-4 years, or 3-5 years for roach; n = 20) and older fish (> 4/5 years; n = 15). For these, a tendency of higher PS levels in older fish was apparent (Additional file 1: Table S9 ). For PCDD/F + dl-PCB, the concentrations in the EQSrelevant fillet composite samples were on average 104% higher in fish aged > 4-5 years than in those in the recommended age groups of 3-4 years/3-5 years according to the RAKON Working Paper [7] . Similar results were found for PBDE (+ 37%), PFOS (+ 22%), and HCB (+ 157%). The mercury whole fish samples (EQS-relevant) were also 28% higher in the older fish. For HBCDD, on the contrary, the concentrations in the whole fish samples of the older fish were 46% lower compared to the 3-4/3-5-year-aged fish. Thus, it seems advantageous to stratify fish catches by age to get more homogenous results.
Which trophic level should the fish represent?
Although, all fish species had a trophic level of about 3-4 as recommended, at least for some compounds (especially PFOS) and some locations, higher concentrations in fish of higher trophic level were observed. To assure that the determined fish concentrations used for the EQS compliance check are protective, predatory fish (TL ≥ 4) such as perch seem to be more appropriate for the EQS compliance testing.
Should fillet or whole fish be analyzed?
For HCBD, dicofol, HBCDD, and mercury, the EQS is based on the protection goal "prevention of secondary poisoning of wildlife". In order to estimate the respective risk, the analysis of whole fish seems to be the most meaningful method. In contrast, the EQSs for PBDE, HCB, PFOS, PCDD/F + dl-PCB and heptachlor/heptachlor epoxide are based on the protection of "human health". For this purpose, fillet seems to be the suitable matrix for analysis. According to the RAKON Working Paper [7] , the German monitoring strategy is primarily oriented towards the "human health" protection goal. Accordingly, the substance contents in the edible part of the fish (fillet) should be determined.
Can factors be derived to convert fillet concentrations of contaminants into whole fish concentrations (or vice versa)?
For this project, pollutant concentrations were determined in composite samples of both, fillet and whole fish (calculated from fillet and carcass samples) so that conversion-factors or -equations could be derived according to the concept of Bevelhimer et al. [26] . This approach allows converting the substance concentrations to the tissue relevant for the respective protection goal if only one matrix (fillet or whole fish) is examined. However, the extent to which the conversions can be transferred also to other waters and other fish species needs further examination. Fliedner et al. [16] yielded different results for PFOS and mercury for fish from one German Danube River site. In that study, however, mostly older fish were covered. For fish of the recommended age class of 3-4 years (3-5 for roach) [7] fillet-to-whole fish conversion factors could be derived for all investigated PS in this study. Thus, it is feasible to determine the PS concentrations only in one tissue (e.g., fillet as considered in Germany [7] ); check the compliance directly in fillet for the human health-based EQSs and convert the concentrations to whole tissue concentrations for those PS where the EQS is based on wild life protection.
Considerations on selection of fish for EQS compliance testing
In principle, it would be more appropriate to adapt the fish length recommended for biota monitoring to the food spectrum of the protected species under consideration. For the protection goal "human health" (consumption of fish), which is the justification for the EQSs of PCDD/F + dl-PCB, PBDE, HCB, heptachlor/heptachlor epoxide and PFOS, the fillets of larger fish (> 30 cm) are more likely to be relevant. For dicofol, HBCDD, HCBD and mercury, the EQSs are based on the "prevention of secondary poisoning of wild animals" and smaller fish seem more relevant since only very large top predators feed on larger specimens. However, for the fish in the age class 3-4 years (3-5 for roach) investigated in this study, a broad range of fish lengths was found. Thus, it has to be emphasized that in an age-based selection, fish from different locations can vary greatly in size depending on biotic and abiotic environmental factors (e.g., food conditions in the water). Accordingly, a fairly simple lengthbased selection of fish used for monitoring would allow a better alignment of the fish catch to the relevant protection goal than the age class.
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